Graphene is a promising material for future electronic applications and chemical vapor deposition of graphene on copper is a promising method for synthesizing graphene on the wafer scale. The processing of such graphene films into electronic devices introduces a variety of contaminants which can be difficult to remove. An approach to cleaning residues from the graphene channel is presented in which a thin layer of titanium is deposited via thermal e-beam evaporation and immediately removed. This procedure does not damage the graphene as evidenced by Raman spectroscopy, greatly enhances the electrical performance of the fabricated graphene field effect transistors, and completely removes the chemical residues from the surface of the graphene channel as evidenced by x-ray photoelectron spectroscopy. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4881886] Graphene grown on copper via chemical vapor deposition (CVD) is a promising candidate for the fabrication of graphene based devices on a large scale.
1 One key issue preventing graphene from being fully integrated into conventional complementary metal oxide semiconductor (CMOS) processing is the sensitivity of graphene to processing conditions. [2] [3] [4] [5] The transfer of CVD grown graphene and the conventional photolithography processes used in the fabrication of graphene devices have been shown to leave behind residue negatively impacting device performance. 6 To date, several techniques for the cleaning of graphene such as thermal annealing, 7 electrical current annealing, 8 plasma cleaning, 9 and chloroform treatments 10 have been used with varying degrees of success. While high temperature annealing under a high vacuum environment has been shown to completely remove residues from the graphene surface, 11 there is concern that annealing for extended periods may result in degradation of the metal contacts as well as the creation of free radicals from polymer scission which may react with graphene defects as well as making the graphene surface more susceptible to doping from the environment. 12, 13 Electrical current annealing has been shown to be an effective means for cleaning individual graphene devices, but has shown limited success in removing residues from large graphene areas. Plasma cleaning processes reported in the literature involve highly reactive oxygen and hydrogen species as well as ion bombardment which results in defect generation in the graphene sheets. 14, 15 Chloroform cleaning treatments are not desirable due to its toxicity. Therefore, other methods for the removal of residues introduced during processing are needed in order to fully incorporate graphene into traditional CMOS processing. In this study, we report the use of a sacrificial Ti layer to remove residues from the graphene surface.
CVD graphene on copper purchased from ACS Material, www.acsmaterial.com, was used in this study. The wet transfer process presented in Ref. 11 was used to transfer the graphene from the copper to a Si/SiO 2 substrate (90 nm thermal oxide). Back gated field effect transistors (FETs) were fabricated using conventional photolithography and e-beam evaporation for the deposition of Ni contacts capped with Au. Three sets of devices (15 devices per set) were fabricated using graphene from the same copper foil (i.e., graphene grown during the same run) and transferred to a substrate cleaved from the same Si/SiO 2 wafer to prevent run-to-run variations in the data. The first set of devices, labeled "as-is," did not receive any post fabrication treatments following device fabrication. The second set of devices, labeled "HF-cleaned," was treated with a 200:1 DI:HF solution for 30 s. The third set of devices, labeled "Ti-cleaned," had 2 nm of Ti deposited via e-beam evaporation at a rate of 1 Å /s and was subsequently etched using a 200:1 DI:HF solution until the Ti was completely removed as evidenced by x-ray photoelectron spectroscopy (XPS). The thickness of 2 nm was chosen as the thickness was sufficient to provide complete coverage of the graphene and did not require a significant etch time to remove. Thicker depositions are not expected to impact the cleaning procedure other than increasing the etch time required to fully remove the Ti layer. The deposition rate was chosen due to system calibration settings and is not expected to significantly impact the cleaning procedure. All electrical measurements were carried out in a Lakeshore cryogenic probe station under vacuum (5 Â 10 À6 Torr) following an overnight 80 C in situ anneal in order to remove environmental adsorbates from the graphene channel.
11
Figure 1 shows a summary of the electrical characterization of the prepared devices. The mobility, intrinsic or impurity carrier concentration, and minimum conductance point were extracted from the I d À V g curves using a method outlined elsewhere. 16, 17 The mobility, impurity carrier concentration, and minimum conductance point can give a clear indication in the amount of contamination on the graphene channel. Contamination on the graphene channel acts as scattering centers for the charge carriers, decreasing the mobility due to increased scattering. Contamination on the surface can also act as dopants, injecting additional charge carriers into the graphene channel resulting in a rise of the impurity carrier concentration. The minimum conductance point of the graphene can be impacted by the introduction of charge inhomogeneity from the contamination in the form of electron/hole puddles or charged contamination species. Figure 1(a) shows the mobility of the devices. The as-is devices have an average mobility of 1142 cm 2 V À1 s
À1
. The HF-cleaned devices saw an increase in average mobility up to 1806 cm 2 V À1 s À1 suggesting partial removal of the contamination, while the Ti-cleaned devices showed the largest average mobility of 2235 cm 2 V À1 s
. From Figure 1(b) , the impurity carrier concentration is slightly reduced following the HF cleaning, but is not as effective as the Ti removal process which reduces the impurity carrier concentration from 9.41 Â 10 11 cm À2 to 4.98 Â 10 11 cm
À2
. Figure 1(c) shows the minimum conductance point of the graphene devices. The as-is samples have an average minimum conductance point of 7.09 V. The HF cleaned samples show an increase in the minimum conductance point to 14.4 V, suggesting an increase in charge inhomogeneity on the graphene surface possibly due to the addition of fluorine or hydrogen to the graphene or due to changes in the underlying substrate resulting from HF exposure. The Ti cleaning procedure results in the minimum conductance point moving to 2.48 V, closer to the intrinsic minimum conductance point of 0 V for graphene indicating a removal of contamination from the channel.
The impact of the cleaning procedures on the graphene was characterized using Raman spectroscopy. The Raman characterization was performed in a Thermo Scientific Nicolet Almega XR using an excitation wavelength of 488 nm. As can be seen in Figure 2(a) , the D-band is similar for graphene from all three processes, signifying that the e-beam evaporation of Ti and the chemical etching process do not damage the graphene. The G band position shifts from 1582 cm À1 to 1572 cm À1 after Ti deposition as seen in Figure 2 (b), suggesting that the metal deposition causes doping in the channel. . 19 This indicates that the dopants associated with the Ti deposition do not remain after Ti removal and that Raman can be used as a simple and effective means to determine if all Ti has been removed. Interestingly, the Raman spectrum of the HF cleaned sample shows significant doping as seen in Figure 2(b) , and further indicates that HF alone is not an effective means to clean graphene as it introduces doping into the channel. This is not present in the Ti-cleaned sample despite over etching to ensure all Ti is removed.
Following the Raman and electrical characterization, the HF cleaning procedure was deemed to be inferior to the Ti cleaning process due to the apparent doping associated with the process and non-ideal electrical characterization. To further characterize the effectiveness of the Ti cleaning procedure, an XPS analysis was performed on the as-is and Ti-cleaned samples. The C1s XPS spectrum of poly(methyl methacrylate) (PMMA) has peaks at 289.03, 286.90, 285.68, 285.00 eV in a 1:1:1:2 ratio corresponding to the carbon-oxygen double bond, carbon-oxygen single bond, quaternary carbon bonds, and secondary/tertiary carbon bonds, respectively. 20 As can be seen in Figure 3 , the as-is sample has an easily distinguishable peak located at 289 eV. This peak was used as a signature of the presence of PMMA due to the absence of such a peak in pristine graphene spectrums and because the peak is easily distinguishable from the main carbon peak at 285 eV. 21 The Ti deposited spectrum clearly shows a peak at 289 eV, indicating the PMMA is still present following the Ti deposition. Following the Ti removal, the peak at 289 eV is completely removed, indicating the complete removal of PMMA residues from the graphene channel. The Ti deposition results in Ti bonding with the oxygen sites in the oxygen rich PMMA residue as evidenced by the Ti 2p spectra (not shown) containing peaks at 458 and 464 eV, consistent with complete oxidation of the Ti layer, as well as the absence of the Ti-C peak at 282.7 eV in the C1s spectra. This bonding with the oxygen species in the PMMA assists in the breakdown of the PMMA residue, allowing the residues to be easily removed via HF removal of the Ti layer.
In conclusion, the Ti cleaning process as outlined here is a CMOS compatible method for removing residues from graphene that are associated with transfer and device fabrication. This Ti cleaning process results in a substantial improvement of mobility, a large reduction in the minimum conductance point and removal of dopants as evidenced by the decrease in intrinsic carrier concentration as well as the G band of the Raman spectrum shifting to the intrinsic value of 1580 cm
À1
. The XPS spectrum indicates the complete removal of PMMA residues to within the level of XPS sensitivity. The Raman spectrum further shows that the Ti cleaning process does not damage the graphene channel, as the D peak did not increase from the as-is to the Ti-cleaned sample. We have furthered demonstrated that the deposition and removal of the titanium layer is a necessary step as HF alone results in significant doping of the graphene channel. We have thus shown our Ti cleaning process to be a simple and effective method of cleaning the graphene layer without the drawbacks associated with other cleaning methods. 
